Introduction
Investigations of the intracellular factors controlling renin synthesis, storage, and secretion have been based on a variety of in vitro systems including renal cortical slices (1,2), single cell lines transfected with the renin gene (3->), isolated glomeruli (6), reninexpressing cell lines from transgeneic mice (7), and single cells isolated by the reverse hemolytic plaque assay (8). The capacity to secrete active renin and pro-renin is a feature of these systems (3, 4, 7, 9) . In addition, secretion of active renin can be stimulated in cultured cells with 8-bromo CAMP (4) or forskolin (7,10,11), and many studies have also reported an inverse relationship between renin release and intracellular calcium (8, (12) (13) (14) . Although many of the morphological aspects of renin processing have been described in JG cells of the intact kidney (15-17), to our knowledge no studies have examined renin processing in cultured JG cells using separate antisera to renin protein and its pro-sequence, in conjunction with estimations of active renin and pro-renin secretory rates.
In the present study, long-term cultures of JG cells were ob-' Correspondence to: Dr. Jennifer Berka, Dept. of Anatomy, University of Melbourne, Parkville, Victoria, 3052, Australia.
tained but that the processing of pro-renin to active renin was interrupted. Angiotensin I1 inhibited and verapamil stimulated active renin release in culture; neither substance affected pro-renin release. Application of secretagogues that act via intracellular calcium or CAMP resulted in depletion of mature granules and their deformation by myelin figures and vacuoles, findings consistent with an exocytosis from mature granules. The absence of effect of any secretagogues on pro-renin release suggests that these stimulatory mechanisms are exclusively post-Golgi. In cultured JG cells in renal explants, renin vesicular transport and granular exocytosis are maintained but a defect in pro-renin passage from juvenile to intermediate granules is apparent. (JHistochem Cyco-&em 41:365-373, 1993) KEY WORDS: Pro-renin; Hydronephrotic; Explant; Supernatant; Immunogold; Balbk mice.
tained from explanted tissue from hydronephrotic mouse kidneys (18) . In this preparation, JG cells are retained in their normal position in the wall of the afferent arteriole (19), while the tubules degenerate and any influence of the sympathetic nervous system and macula densa is removed (19). Minuth et al. (18) reported that in this preparation renin-positive cells located at the periphery of the explant contain renin secretory granules that are similar in size and shape to those found in JG cells from intact kidneys. The present study utilized immunocytochemical and biochemical techniques to investigate the intracellular pathways involved in renin synthesis, processing, and secretion in this culture system.
Materials and Methods

Animals
In all, 89 female Balbk mice (20-25 g) were used in all studies. Mice were cared for according to the Australian code of practice for the care and use of animals for scientific purposes (1990), outlined by the National Health and Medical Research Council of Australia. The kidneys from control mice were examined by immunohistochemistry (IH) (n = 2), routine transmission electron microscopy (TEM) (n = 2). and immunogold (IG) (n = 2). In addition, hydronephrotic kidneys from six mice that had undergone complete unilateral ureter ligation (described below) were examined by IH (n = 2). TEM (n = 2), and IG (n = 2).
In time-based organ culture studies, the cultured explants from hydronephrotic mouse kidneys were examined by IH (n = 4). TEM (n = 3). IG (n = 3), and used in explant renin content measurements (n = tiserum 2 (17) was raised to renin purified from mouse SMG by a modification of the method of Misono and Inagami (24) . Renin protein antisera 1 and 2 are immunoreactive with renin and its pro-segment. 9) and supernatant renin measurements (n = 5). In organ culture studies in which angiotensin I1 (AII), verapamil or forskolin, and theophylline were added to the culture medium, the cultured explants from equal numbers of hydronephrotic kidneys were examined by TEM (n = 3) and used for explant renin content measurements (n = 7, 7, and 4, respectively) and supernatant renin measurements (n = 10, 12, and 4, respectively).
Ureter Ligation
Complete unilateral ureter ligation was performed in mice as described by Minuth et al. (18) . All mice were anesthetized with methoxyflurane (Pitman Moore; Washington Crossing, NY) and maintained in 100% oxygen.
The left kidney was exposed through a midline incision and the ureter ligated in three separate places. The incision was closed and the animals allowed to recover.
Organ Culture
After 8 weeks of ureter ligation, mice were anesthetized with methoxyflurane. Retrograde vascular perfusion of the kidneys via the abdominal aorta was commenced at 200 mm Hg with sterile Hanks' balanced salt solution (CSL; Melbourne, Australia) to flush the renal vasculature. The hydronephrotic kidney was cut into small pieces (2 mm in diameter), placed on sterile lens paper supported by a triangular wire mesh, and incubated at 37°C in a humidified atmosphere (5% CO2 and 95% air) for up to 14 days. Five culture dishes were obtained from each hydronephrotic kidney. The culture medium, Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 25 mM Hepes buffer, 200 mM glutamine, and 0.1% penicillin-streptomycin-fungizone at a pH of 7.4, was replaced every 2 days. All culture medium components were obtained from CSL.
Fimtion
After 2, 4, and 7 days in culture, explants were immersion-fixed for 2 hr in either Bouin's (IH), 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, (TEM), or 1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 (IG). In addition, control and hydronephrotic mice anesthetized with methoxyflurane underwent retrograde vascular perfusion (20) of the kidneys for 5 min with Bouin's (IH), 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 ( E M ) , or 1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 (IG).
Electron Microscopy
Immersion-fixed explants and the perfusion-fixed kidney cortices from control and hydronephrotic mice were processed and embedded for TEM (20) or IG (17).
Antisera
Antisera were raised against a synthetic %residue oligopeptide from the central pro-region (position 38-49, SVREILEERGVD) (21) . As previously described (20) . this sequence is within the 18 residues designated pro-2A by Hirose et al. (22) . The polyclonal renin protein antiserum 1 was produced against pure mouse submandibular gland (SMG) renin in rabbits as described by Rougeon et al. (23) . A second polyclonal renin protein an-
Specificity of Immunocytochemical Labeling
The specificity of the renin protein 1 antiserum was defined by Rougeon et al. (23) . Immunolabeling of JG cells by the renin protein 2 and prorenin antisera was abolished by absorbing the antisera against their respective peptides and applying these to 3-pm paraffin sections from both control kidneys and kidneys from enalapril-treated mice (20) . The specificity of the renin protein antiserum 2 for TEM purposes was defined by the specific localization of gold particles to every type of secretoty granule in only JG cells (15J7. 25.26) . The specificity of the pro-renin antiserum was indicated by the specific localization of gold particles to only juvenile granules of JG cells (15.17,26).
Immunohistochemistry
Paraffin sections of Bouin's-fixed explants and kidneys from control and hydronephrotic mice were stained by the peroxidase-anti-peroxidase technique (27) as previously described (20). Sections were incubated with 1:lOOO (kidneys from control and hydronephrotic mice) or 1:500 (explants) polyclonal rabbit anti-mouse renin antiserum 1 for 18 hr at 4°C. or 1:lOOO (kidneys from control and hydronephrotic mice) or 1500-1:750 (explants) polyclonal rabbit anti-mouse pro-renin antiserum for 3 hr at room temperature. Sections of explants and kidneys from control and hydronephrotic mice incubated for 18 hr at 4% with 1:10 normal rabbit serum or 1:10 normal swine serum served as negative antibody controls.
Immunogold
Thin sections from control and hydronephrotic kidneys and explants were prepared for immunogold and stained at the same time (17). Sections were incubated for 18 hr at 4°C with 1:350 (kidneys from control and hydronephrotic mice) or 1:100 (explants) polyclonal rabbit anti-mouse renin antiserum 2 or 1:>0 (explants and kidneys from control and hydronephrotic mice) polyclonal rabbit anti-mouse pro-renin antiserum. Sections of explants and kidneys from control and hydronephrotic mice incubated for 18 hr at 4'C with 1:5 normal goat serum containing 0.01% bovine serum albumin (Sigma; St Louis, MO) served as a negative antibody control.
Time-based Renin Secretory Studies
Supernatants. Supernatants collected every second day, at Days 2, 4, 6, 8, 10, 12, and 14, were divided in half. One half was collected on ice in 1 ml of Hanks' solution, rapidly frozen at -40°C and later assayed for total renin content. The other halfwas collected on ice in 1 ml of the protease inhibitors (8.3 mM N-ethylmaleimide, 6.7 mM ethylenediamine tetraacetic acid, 30 mM benzamidine), rapidly frozen at -4O"C, and assayed for active renin content.
Explants. Explants collected after 2, 4, 7, and 14 days in culture were divided into two groups, briefly blot-dried, and weighed. One group of explants was collected in 1 ml of cold Hanks' solution, rapidly frozen at -4O'C, and later assayed for their total renin content (see below). Before total renin assay, samples were frozen and thawed twice and diced with fine scissors in their 1-ml storage volume. Selective active renin assay was attempted on explants, but it was impossible to ensure inhibition of all activating enzymes in the tissue and the results were inconsistent. However, for total renin assay, refreezing and thawing achieved high consistent values in explants, higher than obtained with trypsin activation following the methods described below.
Renin Assay. Explant extracts and supernatants were variously diluted up to lo.000-fold and assayed for active renin (samples in protease inhibitor solution) and total renin (samples in Hanks' solution) by an enzyme kinetic method using 24-hr nephrectomized rat plasma as substrate, and by immunoassay of generated angiotensin I which was assayed in duplicate (28). Pro-renin was calculated as total renin minus active renin. Total renin was assayed after activation of pro-renin by trypsin treatment (6 mglml) for 10 min on ice. with the reaction stopped by the addition of 8 mglml soybean trypsin inhibitor. Renin is expressed in Goldblatt Units (GU), referable to the hog renin standard supplied by the British Medical Research Council (MRC, Mill Hill, London, UK). The specificity of this assay for kidney renin has been previously established using antibody inhibition of enzyme activity (28). Antiserum 1 inhibited renin by 100% (28) . Antiserum 2 was effective only for immunocytochemistry but it had no discernible effect on renin enzymatic activity.
The conditions for activation of pro-renin in supernatants were established in pilot studies in which trypsin was used in concentrations of SO pglml-10 mglml, incubating for various times between 1 min and 24 hr. In addition, the maximal value obtained for total renin with trypsin was compared with that after freezing and thawing of a parallel but separate aliquot, also without protease inhibitors. In virtually all instances the value after trypsin activation was clearly much higher (i.e., twofold higher in supernatants of Day 2 cultured explants; p<O.Ol, n = 30 samples), and no immunoreactive blank was generated by the trypsin treatment. In the absence of a pro-renin recovery marker, which is not yet available for such studies, the highest value obtained after activation is taken as the most accurate representation of the total renin.
Statistics. Owing to variation of data within experimental groups, the results were converted to the natural logarithm of total renin and active renin release, while the ratio of the natural logarithm of total renin to active renin was used as an index of pro-renin release. Comparisons of total, active, and pro-renin in supernatants and total renin in explants vs days in culture were made using a one-way analysis of variance. Because considerable variation was found in the active renin content of explants, presumably due to variable activation of pro-renin, this parameter was not subjected to statistical analyses.
Pharmacological Agents
Controls. In all studies, control culture dishes were incubated for the same time and under the same conditions. Angiotensin II. Angiotensin I1 (Peninsula Laboratories; Belmont, CA) was added at a concentration of M to fresh culture medium of Day 2 culture dishes for 4 hr. This time was chosen because it was expected that AI1 would inhibit renin secretion (12,14), and in the present culture system renin concentration in supernatants was highest at Day 2. was also added at a concentration of lo4 M to the fresh culture medium containing forskolin, since it augments the level of intracellular CAMP above that obtained with forskolin alone (29) . Theophylline alone has no signifi-cant effect on renin secretion from cultured JG cells (29) . Verapamil, forskolin, and theophylline were obtained from Sigma.
VerapamiI. Verapamil
Renin Secretion Studies. In secretagogue experiments, renin release is expressed as the ratio of renin in the previous 2 days' supernatant-to-renin levels after 4 or 8 hr of secretagogue exposure. Changes in secretion were estimated by comparing this same ratio with renin release in conuol supernatants. Significance was sought using two analyses of variance. The first tested whether there was an overall effect of the agents irrespective of dose and after removing the influence of animal variation. The second tested for a significant dose response. In some instances, a logarithmic transformation (active renin in supernatants of AI1 study and total renin in supernatants of verapamil study) or a square root transformation (pro-renin in supematants of AI1 study) was performed to account for variation in the data.
Supernatant values were relatively consistent, such that this statistical approach was satisfactory with the number of cultures studied. However, it was determined that for explant renin content, very large numbers of explants would be required to allow significant changes in renin content to be observed. In view of this prediction, statistical analyses of explant renin content were deemed inappropriate in these short-term pharmacological studies.
Electron Miaoscopy. In all studies (AII, verapamil, and forskolin), control explants and explants from culture dishes to which pharmacological agents were added were processed for electron microscopy (20).
Immunohistochemistry
After 2 days in culture, each explant contained many glomeruli located towards the periphery of the tissue. The remaining tissue consisted of small blood vessels, connective tissue elements, and the remnants of a small number of degenerating tubules. In serial sections, the renin protein 1 antiserum (1:500) and pro-segment antiserum (1:500-1:750) specifically labeled with equal intensity cells in the wall of the afferent arteriole closely associated with the glomerulus (Figures 1 and 2) . Both antisera were used at a dilution of approximately half that used on control and hydronephrotic kidneys to obtain a similar intensity of labeling. Neither antiserum labeled glomeruli, mesangial cells, extraglomerular (EG) mesangial cells, degenerating tubules, or connective tissue elements above background levels.
At 4 to 7 days in culture, explants were similar in appearance to Day 2 explants. In serial sections, the renin protein 1 (1:500) and pro-renin (1:500-1:750) antisera labeled cells in the wall of the afferent arteriole (Figures 3 and 4) .
Electron Microscopy
After 2 days in culture, glomeruli retained epithelial cells with welldefied nuclei interspersed between thickened basement membrane material and surrounded by a layer of flattened epithelium-like cells. Mesangial cells and podocyte foot processes could not be identified. EG mesangial cells were similar in appearance to those in control and hydronephrotic kidneys. They contained many myofilaments, well-developed synthetic organelles, and were never granulated. EG mesangial cells were located in their normal position at the glomerular vascular pole, between the afferent and efferent position at the glomerular vascular pole, and between the afferent and &rent arterioles. The macula densa was absent. Most glomeruli were associated with six to eight JG cells located in the wall of the afferent arteriole, forming a cuff around the vascular pole of the glomerulus. Some JG cells appeared to be degenerating; however, most were normal in appearance, containing well-developed rough endoplasmic reticulum (RER) and Golgi cisterns, vesicles (both clear and coated), and small, well-preserved mitochondria. In addition, these cells contained protogranules which were elongated, ovoid, or occasionally rhomboid in shape, with a paracrystalline core. Protogranules, round intermediate-sized granules, and polymorphous granules (containing two or more coalescing protogranules which occasionally had paracrystalline cores) were found near well-developed Golgi cisterns. Mature granules with a less electron-dense core than in control JG cells sometimes contained myelin figures and vacuoles. All types of secretory granules occurred in lesser numbers than in normal JG cells. Myofilaments were distributed in the peripheral cytoplasm. Occasionally, myelin figures, vacuoles, and amorphous material (sometimes membrane bound) were detected in the extracellular space (ES).
After 4-7 days in culture, most glomeruli were associated with afferent arterioles that contained viable JG cells (Figure 5) . These JG cells contained greater numbers of well-developed synthetic organelles and of all types of secretory granules than 2-day explants ( Figure 6 ). Protogranules located near well-developed Golgi cisterns were increased in number. These protogranules were elongated or ovoid. In addition, rhomboid protogranules with paracrystalline cores occurred in greater numbers than in Day 2 explants ( Figure  7) . More round intermediate granules and polymorphous granules containing two or more coalescing protogranules which sometimes contained paracrystalline cores were located in the vicinity of slightly dilated Golgi sacs. Round and ovoid mature granules distributed in the peripheral cytoplasm were less electron dense than in control and hydronephrotic kidneys. These mature granules contained myelin figures, vesicular structures, and vacuoles. RER cisterns distributed among secretory granules were dilated and contained flocculant material (Figure 7) . Many small, well-preserved mitochondria and ribosomes were distributed throughout the cell cytoplasm. Vesicles (both clear and coated) were increased in number, with the majority associated with Golgi cisterns and the remainder distributed in the peripheral cytoplasm ( Figure 6 ). Vacuoles, myelin figures, and amorphous material (sometimes membrane bound) were often located in the ES (Figure 7 ) . Myofilaments were located in the periphery of the cell. Junctional complexes between JG cells were intact. In explants to which AI1 was added to the culture medium (i.e., for 4 hr at Day 2), no ultrastructural differences were observed when compared with JG cells in control explants. In explants to which verapamil was added to the culture medium (i.e., for 8 hr at Day 6), JG cells contained fewer mature granules that were more often deformed by myelin figures and vacuoles than controls ( Figure 8 ). In addition, more myelin figures, vacuoles, and amorphous material were identified in the ES than in controls, and many elongated protogranules and clear and coated vesicles were located near well-developed Golgi cisterns. Few intermediate granules were observed. In explants to which forskolin and theophylline were added to the culture medium (i.e., for 8 hr at Day 6), there were ultrastructural changes similar to those following verapamil treatment.
Immunogoid
The renin protein antiserum 2 specifically labeled transport vesicles and secretory granules (proto-, polymorphous, intermediate, and mature), at a dilution (1:lOO) or approximately three times the concentration of that used to obtain uniform labeling of secretory granules in control and hydronephrotic JG cells (Figure 9 ). Vacuoles and myelin figures within mature granules were not specifically labeled for renin protein 2 (Figure 9 ). Occasionally, Golgi and RER cisterns and transport vesicles were labeled with both antisera, but less intensely than secretory granules ( Figure 10) . The pro-renin antiserum specifically labeled proto-, polymorphous, and intermediate granules at the same dilution (1:50) used to obtain uniform labeling of secretory granules in control and hydronephrotic kidneys ( Figure 11 ). Mature granules were not specifically labeled. Specific labeling of transport vesicles for pro-renin was often seen; however, in some instances it was difficult to discern the vesicle membrane and to differentiate transport vesicles from other cytoplasmic structures (e.g., microtubules in cross-section). Amorphous material (sometimes membrane bound) located in the ES specifically labeled for renin protein 2 and not pro-renin. Occasionally, mature granules labeled for renin protein appeared to fuse with each other. However, fusion of mature granules or any other vesic-ular or granular component with the plasma membrane was not observed. EG mesangial cells were never granulated or labeled with either antiserum above background levels.
Renin Content, Secretion, and Synthesis
Explants. At Day 2 in culture the total renin content of explants was 236 f 43.6 mGU/g. This value decreased with time in culture to 89.6 f 26.3 mGUlg (Day 4), 22 .8 * 10.8 mGUlg (Day 7) to 3.37 5 0.93 mGU/g (Day 14) (p<O.OOl). Values are means 5 SEM.
Selective active renin assay was not attempted in explants for reasons already discussed.
Supernatants. Active renin and total renin in supernatants from JG cells decreased with time in culture ( Table 1 ). The proportion of total renin to active renin in supernatants revealed a larger decrease in active renin than total renin. This finding indicated that the proportion of pro-renin in supernatants initially increased with time (becoming 95% of the total renin secreted) and then leveled off ( Figure 12 ). Significant increases in pro-renin relative to active renin in supernatants were seen from Day 2 to Day 4 (p<O.OOl) and from Day 6 to Day 8 (p<0.008), but were not detected thereafter.
De Novo Synthesis of Renin. To deduce whether de novo synthesis of renin occurred during 14 days in culture, the amount of total renin released during the intervals 2-4,4-7, 7-14 days in culture was subtracted from the explant total renin content at the commencement of the time interval. This value was compared with the renin content at the commencement of the next time interval. The measured amount was not greater than the predicted amount, such that there was no quantitative evidence for de novo synthesis of renin. It was calculated that 8-35% of total renin explant content was released daily (Table 1) . Importantly, active renin release into the supernatant decreased markedly as a percentage of total renin content, while the proportion of pro-renin release rose to account for virtually all the secreted renin by Days 7-14 (Table 1) .
Angiotensin 11. The results are summarized in Table 2 . After AI1 treatment, significantly less total renin (p<O.OOl) and active renin (p<O.OOl) was measured in the supernatants of Day 2 explants compared with controls. There was no significant effect on prorenin levels (p = 0.8).
Verapamil. The results are summarized in Table 2 . Verapamil significantly increased total renin (p<O.OOl) and active renin (p = 0.02) levels in supernatants of Day 6 explants in a dose-dependent manner. Verapamil had no significant effect on pro-renin release (p = 0.3).
Forskolin and Theophylline. Forskolin and theophylline had no significant effect on total renin (p = 0.3), active renin (p = 0.17), or pro-renin (p = 0.4) levels in supernatants of Day 6 explants. However, as a smaller number of animals was used in this study (n = 4) compared to the AI1 (n = 10) and verapamil (n = 6) studies, and as there was a tendency for higher outcomes to be associated with higher doses of forskolin, the negative results must be interpreted with caution. Amount of renin (mGU) released per a'ay expressed as a percentage of the mean amount of total renin 
Discussion
There have been various attempts to obtain in vitro preparations of JG cells that retain morphological and biochemical characteristics ofJG cells in the intact kidney (4, 7-9, 29). In the present culture system, there was clear morphological evidence of continuing renin synthesis. During culture, whereas total renin in explants and active renin in supernatants decreased to low levels, pro-renin release expressed as a proportion of total renin in supernatants increased from 67% (2-4 days) to 95 % (7-14 days). This was associated with increased numbers of transport vesicles, proto-, polymorphous, and intermediate granules, as well as dilated Golgi and RER cistems, all labeled for pro-renin. In addition, increased numbers of rhomboid protogranules with paracrystalline cores were seen, which have been previously associated only with intense JG cell stimulation of renin release (30,31). Furthermore, pro-segment antibody labeled transport vesicles and juvenile granules at the same intensity as control kidneys, suggesting maintained synthesis. Overall, these find-ings indicate continuation of renin synthesis, sorting, and packaging to the stage of the proto-and probably the intermediate granule.
That de novo synthesis was not confirmed by quantitative assay of total renin can be explained as a consequence of the failure of existing methodologies to quantitate pro-renin selectively in homogenized renal tissue, as well as the presence of a relatively large but decreasing pool of previously synthesized mature active renin. However, we have clear biochemical evidence for pro-renin secretion, which has not previously been investigated in this model. Proof of de novo renin synthesis in these explants would probably require pulse-labeling techniques such as those previously used to demonstrate renin synthesis in a different model of mouse JG cells (4).
There is considerable evidence that pro-renin is secreted exclusively by a constitutive pathway from kidney and extrarenal tissue and that this accounts for the 70-90% of plasma pro-renin in humans and 3 0 4 0 % in mice (32,33). This has been concluded from morphological observations on JG cells (3,4,7,33) and on chorionic and decidual cells (34) (35) (36) . Although fusion of vesicles with the cell membrane was not observed in the present study, vesicles labeled for pro-renin were seen in the cytoplasm, indicating that in the present culture system JG cells retain the capacity to secrete pro-renin constitutively by bulk flow from transport vesicles. In the JG cell, pro-renin is known to be sorted into protogranules and subsequently activated within intermediate granules to be stored as active renin in mature granules (15,17), thus forming a regulative pathway. In the present study, after 4 and 7 days in culture increased numbers of mature granules labeled less intensely for renin protein, requiring approximately three times the concentration of antibody as compared with secretory granules in control and hydronephrotic JG cells. This result suggests that, in culture, JG cells do not sort as much renin into the regulative pathway, thus allowing more pro-renin to accumulate in both proto-and intermediate granules. No evidence of exocytosis of pro-renin from proto- and intermediate granules was observed, suggesting that in the present culture system pro-renin is not released by a regulative pathway. A similar change occurs in other systems of cultured JG cells in which well-developed synthetic organelles are present but secretory granules absent and the cells secrete predominantly pro-renin (29, 37) . Before exocytosis, mature granules in normal JG cells enlarge, become less electron dense, and fuse with each other and the plasma membrane (38, 39) . Myelin figures and vacuoles may appear within their matrix and also in the ES, along with amorphous material (36) . In the present study, mature granules were occasionally seen to fuse with each other and the plasma membrane, and often contained intragranular myelin figures and vacuoles. In addition, myelin figures and vacuoles and amorphous material labeled for renin protein were detected in the ES, indicating that the normal exocytotic mechanism for the regulative secretion of active renin and other granular content still operates within these cultured JG cells, but the granules contained progressively less fully mature active renin.
Previous studies have reported that AI1 inhibits (10,12), whereas the calcium channel antagonist verapamil stimulates (14,40), active renin release from a variety of in vitro preparations ofJG cells. When tested at the appropriate times, the present in vitro system further showed a preferential change in active renin not accompanied by a change in pro-renin release. The increase in myelin figures and vacuoles in mature granules and in the ES after verapamil treatment is consistent with stimulation of active renin secretion from mature granules.
Agents that stimulate cAMP are also known to be effective secretagogues of active renin (3,4) , presumably via the regulative pathway of release (7,lOJl). However, cell lines lacking the regulative pathway, such as Chinese hamster ovarian cells transfected with the renin gene ( 3 ) and cells transfected with SV 40 mutants (29) , show that the cAMP response may be due exclusively to an action on synthesis, since the constitutive release of pro-renin is clearly augmented. Although we were unable to detect forskolin stimulation of either active or pro-renin secretion in the present system, there was convincing morphological evidence for exocytotic activity of granules via the regulative pathway.
In summary, cultured explanted tissue derived from the hydronephrotic mouse kidney provides a source of JG cells that retain relatively normal ultrastructural characteristics and the capacity to synthesize renin. Although these cells maintain the ability to secrete renin by both constitutive and regulative pathways and respond to factors known to influence renin secretion, a defect in trafficking progressively develops. The maintenance of pro-renin secretion into the culture medium via a constitutive pathway, occurring together with a decrease in the passage of pro-renin into intermediate and mature granules via the regulative pathway, offers an opportunity to identify targeting mechanisms involved in the regulation of renin processing.
